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ABSTRACT
While observations of many high-precision radio pulsars of order . 1 µs across the sky are needed for the de-
tection and characterization of a stochastic background of low-frequency gravitational waves (GWs), sensitivity
to single sources of GWs requires even higher timing precision. The Argentine Institute of Radio Astronomy
(IAR; Instituto Argentino de Radioastronomı´a) has begun observations of the brightest-known millisecond pul-
sar, J0437−4715. Even though the two antennas are smaller than other single-dish telescopes previously used
for pulsar timing array (PTA) science, the IAR’s capability to monitor this pulsar daily coupled with the pulsar’s
brightness allows for high-precision pulse arrival-time measurements. While upgrades of the facility are cur-
rently underway, we show that modest improvements beyond current plans will provide IAR with unparalleled
sensitivity to this pulsar. The most stringent upper limits on single GW sources come from the North American
Nanohertz Observatory for Gravitational Waves (NANOGrav). Observations of PSR J0437−4715 will provide
a significant sensitivity increase in NANOGrav’s “blind spot” in the sky where fewer pulsars are currently being
observed. With state-of-the-art instrumentation installed, we estimate the array’s sensitivity will improve by a
factor of ≈2-7 over 10 years for 20% of the sky with the inclusion of this pulsar as compared to a static version
of the PTA used in NANOGrav’s most recent limits. More modest instrumentation result in factors of ≈1.4-4.
We identify four other candidate pulsars as suitable for inclusion in PTA efforts. International PTA efforts will
also benefit from inclusion of these data given the potential achievable sensitivity.
Keywords: gravitational waves — pulsars: individual (PSR J0437−4715)
1. INTRODUCTION
The search for gravitational waves (GWs) using an array of
recycled millisecond pulsars (MSPs) is a key science goal for
the largest radio telescopes in the world. Pulsars act as high-
precision clocks and the passage of a GW along the line of
sight is expected to cause slight variations in the arrival times
of their observed emission that can be measured using high-
precision pulsar timing (Sazhin 1978; Detweiler 1979; Fos-
ter & Backer 1990). Large telescopes are needed to measure
high signal-to-noise ratio (S/N) pulses and estimate their ar-
rival times to high precision (Ransom et al. 2019). While cur-
rent pulsar-timing efforts are dominated by large single-dish
(60- to 300-m-class) telescopes, the use of larger, more sen-
sitive telescopes and interferometers is becoming an increas-
ingly important contribution to pulsar timing array (PTA) sci-
ence (Perera et al. 2019).
The expected first detection of low-frequency (∼nHz- µHz)
GWs is from a stochastic background of unresolved super-
massive black hole binaries (e.g., Rosado et al. 2015). Detec-
tion and characterization of this background require observa-
tions of many pulsars to build pairwise quadrupolar corre-
lations in the observed arrival-time perturbations. The best-
timed MSPs are used in these searches, with timing preci-
sion .1 µs. Individual sources of GWs, such as from a single
resolved supermassive black hole binary inspiral or merger,
require MSPs with precision an order-of-magnitude or better
such that specific waveforms can be recovered (e.g., Burt et
al. 2011). Observing many well-timed pulsars both increases
the signal-to-noise ratio of a GW detection and future charac-
terization, and improves upon the coverage of events across
the sky.
1.1. The North American Nanohertz Observatory for
Gravitational Waves
The North American Nanohertz Observatory for Gravita-
tional Waves (NANOGrav; McLaughlin 2013; Ransom et
al. 2019) collaboration is working towards the detection and
characterization of low-frequency GWs by means of mon-
itoring an array of nearly 80 precisely-timed MSPs using
three telescopes: the 305-m William E. Gordon Telescope
of the Arecibo Observatory (Arecibo), the 100-m Robert
C. Byrd Green Bank Telescope of the Green Bank Obser-
vatory (GBO), and the 27-element 25-m antennas of the
National Radio Astronomy Observatory’s (NRAO) Karl G.
Jansky Very Large Array (VLA). NANOGrav has already
placed upper limits on the amount of GWs in the Uni-
verse, which have provided strong astrophysical constraints
on merging galaxies and cosmological models (Arzoumanian
et al. 2018b; Aggarwal et al. 2019, 2020; Arzoumanian et
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Table 1. Current Observing Paramters for the IAR Antennas
Parameter A1 A2
Maximum Tracking Time (Tobs) 3 hr 40 min 3 hr 40 min
Circular Polarizations (Npol) 1 2
Receiver Temperature (Trcvr) 100 K 110 K
Gain (G) 11.9 Jy/K 13.0 Jy/K
Frequency Range (MHz) 1100–1510 1200–1600
Bandwidth (B) 112 MHz 56 MHz
Note—All values taken from Gancio et al. (2019).
al. 2020). NANOGrav is poised to detect and begin charac-
terization of the stochastic GW background from an ensem-
ble of unresolved supermassive black hole binaries (SMB-
HBs) within the next 3-5 years (Rosado et al. 2015; Taylor et
al. 2016; Arzoumanian et al. 2018b; Arzoumanian et al. in
prep). The first detection of a continuous-wave (CW) source
of GWs from a single SMBHB is expected by the late 2020s
(Rosado et al. 2015; Mingarelli et al. 2017; Kelley et al. 2018;
Aggarwal et al. 2019). In addition, NANOGrav is sensitive
to the direct signature of SMBHB mergers, known as a “burst
with memory” (BWM; Aggarwal et al. 2020).
1.2. The Argentine Institute for Radio Astronomy
The Argentine Institute of Radio Astronomy (IAR; Insti-
tuto Argentino de Radioastronomı´a) has begun upgrades of
two 30-meter antennas primarily for the purpose of pulsar ob-
servations (Gancio et al. 2019). Located at latitude ≈ −37◦,
the observatory covers declinations δ < −10◦. The two an-
tennas, A1 and A2, are 30-m equatorial-mount telescopes
separated by 120 m. Both are capable of observations around
1.4 GHz, each with current specifications listed in Table 1.
While 30-meter antennas fall below the typical size of ra-
dio telescopes used in precision timing experiments (e.g.,
Perera et al. 2019), the IAR Observatory has several advan-
tages for high-precision timing, specifically in the area of
GW detection and characterization. With access to the South-
ern sky below δ < −10◦ and many galactic-disk pulsars, and
the ability to track objects for nearly four hours, IAR can and
has demonstrated the capability of high-cadence timing on a
number of those pulsars, specifically of the bright millisec-
ond pulsar J0437−4715 (Gancio et al. 2019). Their prelimi-
nary observations suggest that future measurements will be a
significant contributor to PTA sensitivity.
1.3. The Millisecond Pulsar J0437−4715
Discovered in the Parkes Southern Pulsar Survey (Johnston
et al. 1993), PSR J0437−4715 is the brightest-known MSP
and has the lowest dispersion measure (DM; the integrated
line-of-sight electron density) of any MSP; it is the second-
lowest of any pulsar (Manchester et al. 2005). It has a close
distance of 156.8 ± 0.3 pc measured from the derivative of
the binary orbital period (Reardon et al. 2016). As such, high
S/N pulses can be precisely timed, making this pulsar an ex-
cellent addition to PTAs. Some pulsar properties are listed in
Table 2.
In addition to the ability to measure high S/N pulses,
given its low DM, we expect that unmodeled chromatic
(i.e., radio-frequency-dependent) interstellar propagation ef-
fects are reduced for this pulsar (Cordes & Shannon 2010),
thereby limiting one of the significant sources of timing noise
found in many other pulsars. While the pulsar has measur-
able achromatic noise consistent with rotational spin fluctu-
ations (Shannon & Cordes 2010; Lam et al. 2017), its high-
precision timing nonetheless allows it to be used in tests for
deterministic GW signals.
In this paper, we demonstrate the unique capabilities of
the IAR to observe PSR J0437−4715 and provide unparal-
leled sensitivity to the pulsar for the purpose of single-source
CW detection and future characterization. In §2, we pro-
vide the framework for our time-of-arrival (TOA) sensitiv-
ity estimates. We consider the current IAR observations of
PSR J0437−4715 in §3 and then extrapolate to future pos-
sible operating modes in §4, comparing the modes to obser-
vations of the pulsar by other international observatories as
well. In §5, we demonstrate how the IAR will improve sen-
sitivity to single-source CWs when the data are combined
with that of NANOGrav. As the collaboration observing the
most number of pulsars (Ransom et al. 2019) and with the
most recent and stringent CW limits (Aggarwal et al. 2019;
Arzoumanian et al. 2020), we will focus our analyses pri-
marily on improving upon a projected NANOGrav data set
with observations of PSR J0437−4715, noting that upcom-
ing analyses (e.g., with Alam et al. 2020a,b, which already
include more time baseline and more pulsars) imply greater
sensitivity in the future. We describe other possible pulsar
targets in §6 and conclude in §7.
2. THE SENSITIVITY TOWARD CONTINUOUS WAVES
In this section, we describe the mathematical framework
for determining the precision of an individual pulsar and then
the sensitivity toward CW sources from the sum of correlated
GW signals between pulsar pairs. As the components of this
framework have been discussed significantly throughout the
literature, we will lay out each piece but only briefly, and
will point the reader to other references with more detailed
discussion.
2.1. Single-Pulsar Timing Sensitivity
We use the framework of Lam et al. (2018a) to estimate
the noise contributions to pulsar TOA uncertainties, or equiv-
alently how precisely we can measure the TOAs. Gancio et
al. (2019) show timing residuals (the observed TOAs minus
a model for the expected arrival times) for PSR J0437−4715
and demonstrate excess noise beyond the uncertainties de-
rived from the common practice of matching a pulse template
to the observed pulsar profile to estimate their TOAs (Taylor
1992).
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Table 2. Parameters for PSR J0437−4715
Parameter Value
Spin Perioda (P) 5.76 ms
Dispersion Measurea (DM) 2.64 pc cm−3
Effective Widthb (Weff) 667.6 µs
Flux Density at 400 MHza (S 400, ) 550.0 mJy
Flux Density at 1000 MHzc (S 400) 223 mJy
Flux Density at 1400 MHza (S 1400) 160.0 mJy
Spectral Indexc (α) −0.99
Jitter rms for 1 hour at 730 MHz (σJ,730) 61 ± 9 ns
Jitter rms for 1 hour at 1400 MHz (σJ,1400) 48.0 ± 0.6 ns
Jitter rms for 1 hour at 3100 MHz (σJ,3100) 41 ± 2 ns
Phase Bins (Nφ, assumed) 512
Median σS/N for Antenna 1 (σS/N,A1) 200 ns
Median σS/N for Antenna 2 (σS/N,A2) 330 ns
Median S/N for Antenna 1c (S˜ A1) 148.8
Median S/N for Antenna 2c (S˜ A2) 90.5
Note—aValues taken from psrcat (Manchester et al. 2005).
bEffective width estimated from profile in Kerr et al. (2020).
cDerived parameters.
2.1.1. Short-timescale Noise
Lam et al. (2016a) describe a model for white noise in tim-
ing residuals on short timescales, . 1 hr, i.e., the time of typ-
ical observations. In that analysis, they assume perfect po-
larization calibration and radio-frequency-interference (RFI)
removal; the former is currently impossible in the case of
A1 with only one measured polarization channel. However,
assuming both are true, the three white-noise components de-
scribed are the template-fitting, jitter, and scintillation noise
terms.
Template-fitting errors rely on the matched-filtering as-
sumption that the observed pulse profiles are an exact match
to a template shape with some additive noise. These are the
minimum possible errors for TOA estimates, and are given by
σS/N(S ) =
Weff
S
√
Nφ
, (1)
where Weff is the effective width of the pulse, Nφ is the num-
ber of samples (bins) across the profiles, and S is the signal-
to-noise ratio (written this way in equations for clarity), taken
to be the peak to off-pulse rms. The effective width is related
to the spin period of the pulsar P and the template profile
normalized to unit height, U(φ), by
Weff =
P
N1/2φ
[∑Nφ−1
i=1
[
Uobs(φi) − Uobs(φi−1)]2]1/2 . (2)
Pulse profiles are frequency-dependent and so this error will
apply to each profile measured at a given frequency. How-
ever, given the low-bandwidths currently available at the IAR
Observatory, it is sufficient given the S/N-regime of the ob-
servations to average the data across not only time but fre-
quency as well to obtain a single TOA per epoch per antenna.
Similarly, many other frequency-dependent variations within
the band will be small and we will ignore those here.
While Weff and Nφ are constants, the pulse S/N will vary
on short timescales due to diffractive scintillation, with a
known probability density function (PDF) written as (Cordes
& Chernoff 1997; Lam et al. 2016a)
fS (S |S 0, nISS) = (S nISS/S 0)
nISS
S Γ(nISS)
e−S nISS/S 0Θ(S ), (3)
where S 0 is the mean S/N, Γ is the Gamma function, Θ is the
Heaviside step function, and nISS is the number of scintles in
the observation of length T and bandwidth B, given by
nISS ≈
(
1 + ηt
T
∆td
) (
1 + ην
B
∆νd
)
. (4)
The scintillation parameters ∆td and ∆νd describe the char-
acteristic timescale and bandwidth of intensity maxima, or
scintles, in a dynamic spectrum. The ηt and ην parameters
are the scintle filling factors ≈ 0.2 (Cordes & Shannon 2010;
Levin et al. 2016).
Gwinn et al. (2006) found two diffractive scintillation
scales for PSR J0437−4715 made at an observing frequency
of 328 MHz. The first has ∆td = 1000 s and ∆νd = 16 MHz
while the second has ∆td = 90 s and ∆νd = 0.5 MHz.
For a Kolmogorov medium, we can scale these quantities as
∆td ∝ ν6/5 and ∆νd ∝ ν22/5 (Cordes & Rickett 1998; Lam et
al. 2018a). Therefore, when scaled to an observing frequency
of 1.4 GHz, we have ∆td = 5700 s and ∆νd = 9.5 GHz for
the first scale, and ∆td = 510 s and ∆νd = 300 MHz for the
second scale. Keith et al. (2013) measured the scintillation
parameters at 1.5 GHz for PSR J0437−4715; when scaled to
1.4 GHz, they found ∆td = 2290 s and ∆νd = 740 MHz, in
between the two scales observed by Gwinn et al. (2006).
Using these measurements of the scintillation parameters,
we will estimate nISS and thus the predicted impact on the
PDF of S . Given the current small bandwidths of the re-
ceiver, since B < ∆νd in all cases, the second of the two
components in Eq. 4 will be ≈ 1 and so we have nISS ≈
1 + ηtT/∆td. For T = 13200 s, this quantity will range be-
tween 1.5 and 5.2. The higher nISS is, the more that the PDF
will tend towards the mean S/N value S 0, whereas when nISS
is close to 1, the distribution becomes exponential. There-
fore, this value will heavily dictate the timing uncertainties
achievable, which we will briefly discuss when applying to
the real data.
The two other short-timescale contributions to the white
noise discussed in Lam et al. (2016a) are the jitter and
scintillation-noise terms; the latter is separate from the S/N
change due to scintillation. Both cause stochastic deviations
to the observed pulse shapes such that the matched-filtering
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assumption of template fitting no longer applies. Jitter, due
to single-pulse stochasticity, becomes a significant noise con-
tribution for well-timed, high-S/N MSPs (Lam et al. 2019).
Shannon et al. (2014) measured the timing uncertainty due to
jitter for an hour-long observation to be σJ = 48.0 ± 0.6 ns,
significantly less than the template-fitting errors shown in
Gancio et al. (2019). In addition, since the rms jitter scales
inversely with the square root of the number of pulses, this
contribution to the TOA uncertainty for a 3 hr 40 min obser-
vation will be even smaller in IAR data, and therefore can be
ignored.
Scintillation noise is caused by the finite-scintle effect and
results in pulse-shape stochasticity due to an imperfectly
known pulse broadening function (Cordes et al. 1990; Cordes
& Shannon 2010). Its maximum value is approximately the
scattering timescale τd, which is inversely proportional to
∆νd by (Cordes & Rickett 1998; Cordes & Shannon 2010)
τd =
C1
2pi∆νd
, (5)
where C1 ≈ 1 is a coefficient that depends on the geometry
of the intervening medium. Since scattering tends to be more
significant at higher DMs (Bhat et al. 2004), we already ex-
pect τd to be small for PSR J0437−4715. For the minimum
value of ∆νd above, we find that maximum value of τd . 1 ns,
and therefore scintillation noise can also be ignored for this
pulsar.
2.1.2. Dispersion Measure Estimation
Estimation of DM and the subsequent correction of disper-
sion is critical for proper precision timing. Since the scat-
tering timescale is small, the dominant component to DM
estimation errors is that due to the white noise described
above (Lam et al. 2018a). For measurements taken at two
frequencies ν1 and ν2, with the frequency ratio defined as
r ≡ ν2/ν1 ≥ 1, the timing uncertainty due to DM estimation
is (see Appendix A of Lam et al. 2020)
σD̂M =
√
σ2ν1 + r
4σ2ν2
r2 − 1 , (6)
where the σν values are the timing uncertainties at each fre-
quency. Both Cordes & Shannon (2010) and Lam et al.
(2018a) describe the matrix formalism for calculating this
uncertainty when multi-channel measurements are available.
Estimating the DM with measurements taken at multiple fre-
quencies results in reduced uncertainties even if the covered
range r is the same.
If DM variations are not accounted for in a timing model,
as in Gancio et al. (2019), then additional uncertainties arise.
Many types of effects give rise to both stochastic and system-
atic variations in DM (Lam et al. 2016b). For example, the
Earth-pulsar line of sight passing close to the Sun will cause
an increase in the DM from the increased electron density of
the solar wind (You et al. 2007; Madison et al. 2018; Tiburzi
et al. 2019); while the motion through this electron density
profile gives rise to systematic variations, any fluctuations in
the solar wind will cause variations that are random in na-
ture. The turbulent interstellar medium will also cause rise to
DM fluctuations that are random though correlated over time
(Foster & Cordes 1990; Phillips & Wolszczan 1991).
The turbulent medium is typically parameterized by a
power-law electron density wavenumber spectrum over many
orders of magnitude (Armstrong et al. 1995). An equivalent
formulation that one can derive from this spectrum is the DM
structure function (e.g., Lam et al. 2016b), given by
DDM(τ) ≡ 〈[DM(t + τ) − DM(t)]2〉, (7)
where τ is the time lag and the brackets denote the ensemble
average. The structure function of the timing perturbations δt
is related to the DM structure function by
Dδt(τ) = K2ν−4DDM(τ), (8)
where K ≈ 4.149 × 103 µs GHz2 pc−1 cm3 is the dispersion
constant in observationally convenient units, i.e., for a DM of
1 pc cm−3 and radio emission at 1 GHz, we expect 4149 µs of
delay. This is a significantly larger delay than the achievable
timing precision since DM estimates are known much more
precisely and therefore the delay can be corrected for to high
accuracy.
We can directly relate the rms timing fluctuations for a
given time lag to the structure function by
σδt(τ) =
[
1
2
Dδt(τ)
]1/2
. (9)
For a Kolmogorov turbulent spectrum, we can write the struc-
ture function in the power-law form (Lam et al. 2016b)
Dδt(τ) =
1
(2piν)2
(
τ
∆td
)5/3
= 0.0253 ns2 ν−2GHz
(
τ
∆td
)5/3
.
(10)
For PSR J0437−4715, we will first consider the middle value
of ∆td provided by Keith et al. (2013), with ∆td = 2290 s. On
the timescale of the τ ≈100 days as shown in Gancio et al.
(2019), the rms timing perturbations for unaccounted for DM
variations would be approximately 110 ns at 1.4 GHz and
so should be a negligible part of their error budget shown.
Nonetheless, if consider this error for longer timespans, as
for 1000 and 10000 days, the rms perturbations are 740 ns
and 5.0 µs, respectively. Note that this is not the total rms
variations here, only those on the timescale of τ but find the
estimate instructive nonetheless. The full rms can be ob-
tained by relating the structure function to the power spec-
trum of the timing perturbations (Lam et al. 2016b) and inte-
grating to find the total variance.
2.1.3. Additional Sources of Uncertainty
Gancio et al. (2019) discuss the RFI environment around
the Observatory, including the amplitude and approximate
impact on the pulsar observations. While the effect appears
to be minimal, RFI is a growing concern at all observatories
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worldwide. IAR’s proximity to the urban center of Buenos
Aires means that active real-time mitigation will need to be
implemented in the future to reduce any growing impact on
the error budget. Also importantly for the IAR Observatory,
polarization miscalibration can be a significant contribution
to the timing uncertainty, including when both polarizations
are measured. Gancio et al. (2019) discuss the development
of current and future polarization calibration routines as a
goal for the IAR.
In addition to the TOA uncertainty estimates,
PSR J0437−4715 is known to show red noise in its timing
residuals (e.g., Kerr et al. 2020), consistent with rotational
spin noise (Shannon & Cordes 2010; Lam et al. 2017). While
red noise will impact the sensitivity towards CWs, the use
of matched filtering in detection analyses coupled with the
requirement to observe a correlated signal in multiple pulsars
means that individual red noise is of less critical significance
in CW analyses versus stochastic-background analyses.
2.2. Pulsar GW Sensitivities
GW detection relies on measuring the signature of TOA
perturbations amongst pulsars. In the case of a stochas-
tic background, for instance from the unresolvable sum of
signals from SMBHBs, one relies on cross-correlations be-
tween these perturbations. For individual SMBHBs, and
other single-source signals, one uses a deterministic model.
In both cases the sky location and sensitivity of individual
pulsars affect the ability of the full PTA to detect gravita-
tional waves. We use the framework discussed in Hazboun
et al. (2019) and Lam (2018) to estimate the sensitivity to
single-sources, which we describe here briefly.
While the ability to claim a detection of GWs from a sin-
gle SMBHB requires more than one pulsar, the sensitivity
to a single source depends on the signal strength and noise
in each individual pulsar. These signals are then added up
across the network to build a robust detection. There a num-
ber of statistics defined in the literature to search for single-
source GWs, (Babak & Sesana 2012; Ellis et al. 2012a,b;
Taylor et al. 2016). Here we focus on assessing and optimiz-
ing the sensitivity of PTAs (Lam 2018; Hazboun et al. 2019)
given different pulsars and changes in the observing strate-
gies. The framework of Hazboun et al. (2019) uses a match-
filter statistic tailored to studying sky-dependent sensitivity.
The S/N, ρ(kˆ), is dependent on the response of an individual
pulsar’s sky position and noise characteristics but has been
averaged over inclination angle and GW polarization
〈ρ2(kˆ)〉inc = 2Tobs
∫ fH
fL
d f
∑
i
4
5
Ti
Tobs
S h( f )
S i( f , kˆ)
. (11)
Here S h( f ) is the strain power spectral density (PSD) of a
monochromatic SMBHB signal, Ti/Tobs is the fraction of to-
tal observation time for the PTA covered by a particular pul-
sar labeled by i, and S i( f , kˆ) is the strain-noise PSD for a
particular pulsar. The dependence on sky location, kˆ, comes
from the quadrupolar respone function of pulsars to GWs.
This S/N shows that the signals from individual pulsars add
independently, but this really only tells part of the story.
While the quantity ρ(kˆ) captures the sensitivity of a PTA to
individual sources one would need a significant signal in a
few pulsars in order to claim a detection.
The PSD S i( f , kˆ) is related to the usual noise spectra, writ-
ten in Lam (2018) as the sum of white noise, red noise, and
the stochastic GW background,
Pi( f ) = PW,i( f ) + PR,i( f ) + PSB( f ), (12)
where the stochastic background term takes a power law form
of PSB( f ) ∝ f −β with β = 13/3 for an ensemble of SMB-
HBs (Jenet et al. 2006). The PSD S i( f , kˆ) also takes into
account the timing model fit of the pulsar, through the in-
verse noise-weighted transmission function and the response
function, which maps the strain from the GWs to the induced
residuals in the pulsar’s TOAs. See Hazboun et al. (2019) for
more details. For uniform white noise given by σW,i between
observations with cadence ci, the white-noise term is simply
PW,i( f ) = 2σ2W,i/ci. This form demonstrates the strength of
the IAR Observatory in observing PSR J0437−4715: the ca-
dence can be a factor of ∼30 larger than for other telescopes,
thus significantly reducing the white noise term.
The strain power spectrum for a single CW source with
GW frequency f0 and amplitude h0 is (Thrane & Romano
2013; Lam 2018; Hazboun et al. 2019)
S h( f ) ≡ 12 h
2
0
[
δT ( f − f0) + δT ( f + f0)] . (13)
where δT ( f ) is the finite-time approximating function of a
Dirac delta function,
δT ( f ) ≡ sin(pi f T )
pi f
, lim
T→∞ δT ( f ) = δ( f ). (14)
That is, given the simple CW approximation often used in
PTA analyses of an unchanging orbital frequency, over an in-
finite time, the power spectrum would be a delta function at
f0. While more realistic signals, such as those that include a
phase shift from the delayed pulsar term and frequency evo-
lution, are usually used in real PTA analyses (e.g., Aggarwal
et al. 2019), the sensitivity is accurately estimated with a cir-
cular model. Additionally, it should be noted that this frame-
work includes the signal from the time-delayed pulsar term.
An analysis using the pulsar term requires very accurate pul-
sar distances in order to gain an appreciable signal; perfect
knowledge of the distance boosting the squared S/N by a fac-
tor of 2. While standard analyses (Aggarwal et al. 2019) use
the pulsar term, it is unclear how much is gained by its inclu-
sion. This has no effect on the ratios of detection thresholds
examined here since the factor (of
√
2) for thresholds would
cancel.
3. CURRENT IAR SENSITIVITY OF PSR J0437−4715
Here we describe the current observational status of
PSR J0437−4715 by the IAR. Observational and derived pa-
rameters for PSR J0437−4715 are provided in Table 2. Gan-
cio et al. (2019) demonstrated 88 high-precision timing mea-
surements from A1 and 106 from A2 in its preliminary tim-
ing campaign in 2019.
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We will assume a standardized phase bin resolution of
Nφ = 512. This choice implies that comparisons of pulse
S/N will vary between observing setups (NANOGrav uses a
uniform 2048 but other groups use variable values) though
the TOA uncertainty will still be constant (Lam et al. 2016a).
A uniform definition of pulse S/N, as in Eq. 1, will however
allow us to project the sensitivity of the IAR observations
more easily and therefore it is still useful to convert between
the two quantities σS/N and S .
Using the smoothed S/N-weighted average 20-cm tem-
plate from the Parkes Pulsar Timing Array (PPTA; Kerr
et al. 2020), we calculated the effective width Weff of
PSR J0437−4715 to be 667.6 µs (see Table 2). From the
residuals in Gancio et al. (2019), we calculated the median
template-fitting uncertainties to be 200 and 325 ns for A1
and A2, respectively. With Nφ = 512, the equivalent median
S/N for A1 is 148.8, while for A2 is 90.6. While different
astrophysical and terrestrial effects will change the observed
S/N of the pulses from epoch to epoch, we use these parame-
ters to form the basis of our extrapolation to future observing
configurations in the next section.
4. EXTRAPOLATION OF IAR OBSERVATIONS OF
PSR J0437−4715 TO FUTURE SYSTEMS
In this section, we provide estimates of the IAR’s sensi-
tivity with changes in the observing configuration, namely
the use of different receiver ranges for the two antennas. We
also compare with sensitivity estimates of other facilities ob-
serving PSR J0437−4715 and show that the IAR’s substan-
tial cadence, i.e., its time on the source, will provide it with a
unique capability in observing this pulsar in the future.
4.1. Upgraded Observing Configurations
To estimate the TOA uncertainties for each system, we
combined the various noise components in the following
manner. We took the A1 and A2 median S/Ns as estimated
in §3 and scale by the ratio of the flux densities from 1400
MHz to the new center frequency, the ratio of the square root
of the bandwidths and number of polarization channels, and
inversely by the ratio of the receiver temperatures. With the
new S/N, we calculated a new template-fitting error for the
receiver. With the two center frequencies, we were able to
calculate the TOA uncertainty due to DM estimation (Eq. 6);
we assumed that in all future timing analyses, DM will be
estimated on a time-varying basis such that the rms timing
fluctuations are negligible (e.g., from Eq. 9), otherwise the
unmodeled DM variations will make any high-precision tim-
ing experiment impossible. Lastly, we added in 100 ns of
uncertainty due to polarization miscalibration, comparable to
the value calculated by van Straten (2006).
Even though we approximated the observations across
each band as single measurements, ignoring the varying
spectral index with the band, changes in pulse width, etc., for
simplicity we calculated the TOA uncertainties as if there are
two “spot” measurements at each center frequency. While
this is a simplification, it provided us with a conservative es-
timate since a full least-squares fit formalism will lead to re-
duced TOA uncertainties.
In summary, our TOA uncertainties consisted of template-
fitting errors, DM estimation errors, and polarization miscal-
ibration errors, added together in quadrature.
We considered several different configurations: both the
current and future setups as described in Gancio et al. (2019),
and setups where additional receivers are built. We restricted
ourselves to discussing the configurations broadly, assum-
ing that the receiver frontend is matched with a backend that
will be able to adequately sample and coherently dedisperse
the data. Gancio et al. (2019) describe the future planned
upgrades to the antennas, which include receivers reaching
system temperatures Tsys < 50 K, a 500 MHz bandwidth
in a range between 1 and 2 GHz, and a new FPGA-based
CASPER board backend capable of processing the increased
bandwidth. For other configurations we list, we assumed
similar matching as we primarily wanted to focus on estimat-
ing the TOA uncertainties given the assumed development of
a specific system. We estimated these uncertainties under
two scenarios with the current equipment, three in which one
or more of these higher-bandwidth systems is deployed, and
one optimistic scenario in which ultrawideband receivers are
deployed on both antennas. The full list of assumptions is
provided in Table 3 along with the TOA uncertainties we es-
timate. The gains of the antennas in our analysis did not vary
though some dish or efficiency improvements may be possi-
ble in the future.
We describe the rationales for considering each configura-
tion below.
C1: Current. This configuration is as described in Gancio
et al. (2019).
C2: Optimized. Since the center frequencies are tunable,
we allowed for the maximum separation in frequencies
to minimize TOA uncertainties from DM misestima-
tion. We also halved A1’s bandwidth coverage in fa-
vor of dual-polarization measurements, a requirement
for high-precision timing.
C3: Wideband. With a modest upgrade of two receivers
and backends covering 500 MHz each as discussed in
Gancio et al. (2019), the two antennas can cover the 1-
2 GHz range. The target system temperature is Tsys <
50 K. While some parts of the band will be lost due to
RFI, no significant segments of the band are currently
lost across this frequency range (Gancio et al. 2019).
C4: Low Frequency. Instead of two receivers covering the
full L-band range, we instead selected one 500 MHz
receiver to cover the top end of L band (1.5-2.0 GHz)
for A1 and then for A2 considered a receiver from
400-450 MHz. This lower frequency range is used by
NANOGrav at Arecibo for some pulsars. Its primary
allocation in Argentina1 is for maritime communica-
1 Ente Nacional de Comunicaciones (ENACOM) follows ITU-R regulations,
as described in ENACOM (2019).
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tion and radionavigation (see ITU-R 2016 for Region
2) which helps to limit fixed sources of RFI. In addi-
tion, scattering will minimally affect PSR J0437−4715
given its low DM, and so the increased flux density
(see Table 2) can lead to high-S/N TOAs, also provid-
ing a significant frequency difference to estimate DM.
For the L-band receiver, we used the higher end of the
possible bandwidth range to minimize TOA uncertain-
ties due to DM misestimation.
C5: High Frequency. As a parallel to C4, we considered
instead using a second receiver at higher frequencies,
in the 2.5 GHz (S band) range which is also used by
NANOGrav at Arecibo for some pulsars. This re-
gion of the frequency spectrum often contains signifi-
cant RFI due to overlap with wireless communications.
Nonetheless, we considered the potential for such a
system. For the L-band receiver, we used the lower
end of the possible bandwidth range to minimize TOA
uncertainties due to DM misestimation.
C6: Dual Ultrawideband. As an optimistic setup, we con-
sidered the receiver systems as described in Hallinan
et al. (2019) for the DSA-2000. This observatory will
employ low-cost receiver systems from 0.4-2.0 GHz
for each of its 2000 antennas. While their target sys-
tem temperature is 25 K, we kept 50 K for use in this
considered configuration. Since the receiver setup is
identical for both antennas, for simplicity we assumed
two bands centered at 700 and 1500 MHz with 600
and 1000 MHz of bandwidth, respectively, to cover the
400-2000 MHz range, and included a factor of
√
2 in
our calculation.
As discussed in §2.1.1, one astrophysical cause of the S/N
changing is due to diffractive scintillation. In considering
wider bandwidths, the number of scintles will grow, thus
causing the pulse S/N to tend more towards a mean value
rather than cover an exponentially-distributed range. In prac-
tice, this means that for low-bandwidth setups as in the cur-
rent configurations, there are epochs in which the template-
fitting error in Eq. 1 breaks down (Arzoumanian et al. 2015)
and TOAs cannot be reliably estimated, resulting in a loss
of usable data. In addition to the mean S/N S 0 increasing
due to wider bandwidths, the change in the diffractive scin-
tillation PDF means that the TOAs will tend towards higher
mean/median values, without a loss of data. Thus, we con-
sidered the extrapolation from the median S/N in §3 to be
more robust.
For our analysis, we assumed that configurations C3
through C6 are operational by 2023, a rapid timeline, and
assumed that the observing conditions are static into the fu-
ture. As with all facilities, future upgrades can yield addi-
tional sensitivity. In addition, growing RFI will impact tim-
ing sensitivity as well. Gancio et al. (2019) show that . 10%
of observing times, with significantly less time at night. RFI
affects both antennas differently given their differing proxim-
ities to the local IAR offices. The RFI tends to be narrowband
and thus can be excised while retaining the majority of the
2020 2022 2024 2026 2028 2030 2032 2034
Year
0
50
100
150
200
M
(µ
s−
1
)
IAR C4
IAR C2
IAR C6
PKS
VLA
Figure 1. Plots of the timing precision metric M (see Eq. 15) versus
time. Increased M implies improved sensitivity. The blue lines de-
note the various IAR configurations, where C4 and C6 start in 2023.
The metric for Parkes is shown in orange and the two teal curves
show the metric for the VLA assuming two different estimates for
polarization noise.
band. In our work, we ignored the role of RFI, noting that it
will play an important but small contribution in the assump-
tions we are making regardless.
4.2. Comparison with Other Observatories
Using the single-pulsar-dependent terms in Eq. 11 and the
instrumental/telescope-dependent components of the TOA
uncertainty, defined below, we constructed a metric that de-
scribes the overall timing precision of a pulsar in an array
(and dropping the subscript i):
M ≡
(
Tc
σ2sto
)1/2
≈ 34.6 µs−1
(
T
10 yr
)1/2 ( c
12 yr−1
)1/2 (
σW
0.1 µs
)−1
.
(15)
When T is the total observing baseline in years, c is the
observing cadence in years−1, and σsto is the telescope-
dependent stochastic TOA uncertainty in µs, then Mi has
units of µs−1. We define σsto here as the combination
(quadrature sum) of the short-timescale white noise, the DM
estimation uncertainty due to the white noise (Eq. 6), and
polarization calibration uncertainty (taken to be 100 ns, see
§4.1. The short-timescale white noise includes template-
fitting, jitter, and scintillation-noise uncertainties. As dis-
cussed in §2, jitter becomes negligible for the duration of
observations conducted by the IAR but not necessarily for
other observatories. Scintillation noise is negligible given the
small scattering timescale.
The quantity M acts like a signal-to-noise ratio, where
larger M implies a higher sensitivity, though we note that it is
not a direct relationship. As the number of observations Tc
increases, then M increases as the square root of that number,
and as σsto decreases, then M increases linearly just as many
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Table 3. Observing Configurations for the IAR Antennas
Parameter C1: Current C2: Optimized C3: Wideband C4: Low Freq C5: High Freq C6: Dual UWB
A1 A2 A1 A2 A1 A2 A1 A2 A1 A2 A1 A2
Circular Polarizations (Npol) 1 2 2 2 2 2 2 2 2 2 2 2
Center Frequency (ν0, MHz) 1400 1400 1572 1128 1750 1250 1750 425 2500 1250 1200 1200
Bandwidth (B, MHz) 112 56 56 56 500 500 500 50 500 500 1600 1600
Receiver Temperature (Trcvr, K) 100 110 100 110 50 50 50 50 50 50 50 50
Gain (G, K/Jy) 0.084 0.077 0.084 0.077 0.084 0.077 0.084 0.077 0.084 0.077 0.084 0.077
PSR J0437−4715 TOA
uncertainty (σW, µs)
2.95 1.12 0.46 0.34 0.36 0.19
Note—Current (C1) configuration values are taken from Gancio et al. (2019). We have defined the system gain in terms of K/Jy, the “forward”
gain, with values of 1/G instead given in Gancio et al. (2019) and Table 2. The maximum tracking time (Tobs) for both antennas is 3 hr 40
min.
signal-to-noise ratios behave. Alternatively, this quantity can
be viewed as proportional to the (square) inverse of the error
on the mean of the residuals.
Figure 1 shows curves of M as a function of time for
a number of different telescopes and configurations. The
three blue curves denote three different IAR configurations as
listed in Table 3, where for C2 we take the start time as mid-
2020 and for all other upgraded configurations we assume an
aggressive program start time of January 2023. Delays will
shift the curves to the right. Nonetheless, it is quite clear how
drastically instrumentation improvements can improve M.
Comparisons to other observatories are described in the
following subsections.
4.2.1. The Parkes Telescope
The PPTA has observed PSR J0437−4715 since 1996
(Hobbs 2013), with a typical cadence of once every two
weeks in three bands (Manchester et al. 2013; Reardon et al.
2016; Kerr et al. 2020) for approximately one hour in each
of the 20 (1400 MHz) and 10/50 cm (3100/730 MHz) obser-
vations (Hobbs 2013). The backend systems have improved
over time, resulting in many different noise contributions to
consider. We estimated the equivalent σsto as follows. Us-
ing the PPTA Second Data Release (Kerr et al. 2020), we
used the empirically-derived noise parameters as an estimate
for the telescope-dependent stochastic terms described previ-
ously.
First, we took parameters that describe modifications to
the template-fitting uncertainties, namely a noise added in
quadrature (EQUAD) with the resultant quantity multiplied
by a scaling factor (EFAC), to provide us with an estimate of
the white noise for each TOA (Reardon et al. 2016). Since
the white noise parameters in Kerr et al. (2020) were de-
rived from sub-banded TOAs, i.e., those taken from small
frequency channels over a wider bandwidth, we then com-
puted the epoch averaged error as in Lam et al. (2018a) (and
also see references therein) to provide us with the amount of
white noise per epoch per band. This amounts to computing
the square root of (UTC−1U)−1, where U is a column matrix
of ones and C is the covariance matrix, which in this case is a
diagonal matrix containing the squared of the modified TOA
uncertainties.
These epoch-averaged TOA uncertainties describe the
measured white noise in the Kerr et al. (2020) data set. We
also included the measured “band noise” terms, which de-
scribe additional noise as a function of specific frequency
ranges. Such band noise can describe either additional chro-
matic propagation effects or terrestrial effects such as from
RFI or polarization miscalibration (Lentati et al. 2016). Since
in §2 we argued that PSR J0437−4715 likely has low levels
of noise due to unmodeled propagation effects such as scat-
tering, then we took the band noise to be due to terrestrial ef-
fects and as such consider it an important contribution toσsto.
Finally, to use a single number to project M to, we computed
the average “weight” of each uncertainty (wk = 1/σ2k for the
k-th TOA), computed the mean weight, and then calculated
the square root of reciprocal of this mean weight.
We note that an ultrawideband receiver system has been
deployed at Parkes (Kerr et al. 2020), which may result in
reduced uncertainties in the future if RFI does not become
sufficiently problematic. If so, this will improve future es-
timates of M for Parkes as compared with what is shown in
Figure 1. However, the majority of the amplitude of M comes
from the large observing baseline T more so than the TOA
uncertainty, so it is unclear by how much M will be affected.
4.2.2. The Very Large Array
NANOGrav has also begun2 a program to observe
PSR J0437−4715 with the VLA monthly between 1 and 4
GHz, with 30 total minutes devoted to L band (1-2 GHz) and
30 minutes devoted to S band (2-4 GHz). While the full hour
2 Proposal IDs VLA/16B-240, VLA/18A-210, VLA/19A-356
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includes overhead time, for the purposes of our calculations,
we will assume each observation is 30 minutes long.
Without empirically-derived white-noise parameters as in
the PPTA data release, while we could work out a full cal-
culation of the white noise plus DM uncertainties, we will
instead provide a heuristic argument to demonstrate that the
observational setup with the VLA will result in a lower M.
Let us assume that jitter is the only white-noise contribution
to the TOA uncertainty. Using the values in Shannon et al.
(2014) (see also Table 2), we have that the rms jitter for a 1
hour observation is 48 ns at L band and 41 ns at S band. As
jitter scales as the square root of the number of pulses, the
30-minute rms jitter will be 68 and 58 ns for the two bands,
respectively. For DM estimation errors, we will assume for
this argument that the two spot frequencies are 1 and 4 GHz
rather than center frequencies of 1.5 and 3 GHz, which will
underestimate the uncertainty but will not matter for a com-
parison. Using our assumed numbers, calculating σD̂M using
Eq. 6, and then finding the total infinite-frequency TOA un-
certainty, we have 76 ns per observation as a minimum bound.
With observations starting in 2016, and assuming 12 obser-
vations per year continued until 2033, we have M between
123 and 170 µs−1, assuming 50 and 100 ns of polarization
calibration uncertainty, respectively.
4.2.3. MeerKAT
MeerKAT has begun pulsar-timing observations with the
MeerTime project (Johnston et al. 2020; Bailes et al. 2020),
with one goal of the project to observe MSPs. With the ex-
pected next generation of receivers extending the observa-
tory’s bandwidth range, in a subarray mode, MeerKAT will
be able to observe from 0.9-3.5 GHz (Bailes et al. 2018,
2020). If again we assume that the pulsar is jitter-dominated
as with the VLA, then we expect comparable numbers as cal-
culated above.
4.2.4. Comparing M for Different Observatories
Figure 1 shows M for the VLA (again, comparable with
MeerKAT), Parkes (PKS), and three configurations for the
IAR: C2, C4, and C6. Given the assumptions presented
above, we see that an aggressive timeline for improved in-
strumentation will drastically improve IAR’s sensitivity to
PSR J0437−4715 in comparison to other facilities. Delays
in this timeline will shift the curve to the right but the con-
clusion remains the same: a modestly upgraded IAR facility
(C4) will drastically aid in single-source GW science right in
the era of the first CW sources, as well as the first observa-
tions by LISA. Using state-of-the-art yet low-cost instrumen-
tation (e.g., C6 using similar instrumentation as described in
Hallinan et al. 2019) will provide the IAR with unparalleled
sensitivity to PSR J0437−4715 and thus a unique contributor
to GW science with PTAs by the middle-to-end of the cur-
rent decade. We note that other observatories like Parkes will
still have an advantage over long-timescale (∼decade) GW
periods since its observations of PSR J0437−4715 cover a
sufficient number of cycles whereas observations by the IAR
alone will not.
5. GW PROJECTIONS FOR PSR J0437−4715
In order to demonstrate the usefulness of PSR J0437−4715
as an addition to the NANOGrav observing campaign, we
projected the status of the PTA described in Arzoumanian
et al. (2018a) into the next decade. Here we are only inter-
ested in how PSR J0437−4715 contributes to the sensitivity
for deterministic signals so we simply extended the baselines
of the data set most recently used in these GW analyses,
using the noise characteristics and sky locations of the cur-
rent set of pulsars and those estimated for PSR J0437−4715
at IAR. We only investigated single-source sensitivity be-
cause 1) the GWB is forecasted to be detected long before
the dates of these projections, and 2) the short baseline of
PSR J0437−4715 when it is added to NANOGrav data sets
will not be very useful for detection/characterization of the
GWB until it has sensitivity at lower frequencies.
Using the Python package hasasia (Hazboun et al. 2019)
we simulated a PTA with the same characteristics as Arzou-
manian et al. (2018a) but added 17 years of data to use as
a baseline for our comparison, ending in 2033. We also
simulated two versions of a PTA with IAR observations of
PSR J0437−4715 from 2023 onwards, i.e., 10 years of obser-
vations. The two versions correspond to using configurations
C4 and C6.
Figure 2 shows the ratio of the sky sensitivity in source
strain (see Eq. 80 in Hazboun et al. 2019) when adding
observations of PSR J0437−4715 versus not. We show the
positions of the NANOGrav 11-year data set pulsars (white
stars), PSR J0437−4715 (red star), and nearby galaxy clus-
ters and individual targets of interest (e.g., Mingarelli et al.
2017; Chen & Zhang 2018; Aggarwal et al. 2019; Arzou-
manian et al. 2020). We used a fiducial GW frequency of
10−8 Hz (periods of ∼3 yr), approximately where the current
most sensitive CW upper limits are (Aggarwal et al. 2019).
The sky maps are identical in structure but the overall sensi-
tivity varies when using C4 versus C6.
We see clear indications that observations with
PSR J0437−4715 versus without will increase the sensi-
tivity of the NANOGrav PTA. In the case of C6, by 2033
the array’s sensitivity improves by a factor of ≈2-7 for 20%
of the sky. Even with C4, the improvement ratio is ≈1.4-4.
Since the observed GW strain is inversely proportional to the
distance of a source, a factor of 2 increase in sensitivity leads
to the array being able to search out a factor of 2 in distance,
indicating that the volume NANOGrav will be able to probe
in its current “blind spot” will be drastically increased.
6. PREDICTIONS FOR OBSERVATIONS OF OTHER
MSPS
Our estimates and extrapolations for PSR J0437−4715 can
be used to predict the general timing performance of other
pulsars observable with the IAR. While PSR J0437−4715 is
the brightest known MSP, other factors influence the overall
timing precision. Table 4 provides a list of some pulsars ob-
served by the PPTA (Kerr et al. 2020), which we use as a
representative list to quantify potential targets.
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Table 4. Predicted Sensitivity of Other Observable MSPs
PSR P DM W50 W50/P Weff U¯obs I1400 R
(ms) (pc cm−3) (µs) (%) (µs) (mJy)
J0437−4715 5.76 2.6 141.8 2.5% 667.6 0.063 158.0 1.000
J1017−7156 2.34 94.2 72.0 3.1% 292.6 0.036 0.9 0.022
J1125−6014 2.63 53.0 131.6 5.0% 257.1 0.073 0.9 0.013
J1600−3053 3.60 52.3 92.7 2.6% 469.3 0.051 2.5 0.028
J1603−7202 14.84 38.0 316.2 2.1% 1480.7 0.060 3.5 0.010
J1643−1224 4.62 62.4 318.6 6.9% 978.7 0.098 4.7 0.013
J1730−2304 8.12 9.6 573.1 7.1% 891.5 0.109 3.8 0.010
J1744−1134 4.07 3.1 137.7 3.4% 512.2 0.037 2.5 0.035
J1909−3744 2.95 10.4 43.8 1.5% 266.2 0.017 1.7 0.100
J2241−5236 2.19 11.4 64.3 2.9% 248.3 0.033 1.8 0.058
Virgo
Coma
OJ 287
3C 66B
Fornax
Hydra
Centaurus
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Norma
Eridanus
Sky Sensitivity Ratio at 10−8 Hz
1 2 3 4 5 6 7
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Figure 2. Ratio of the GW sensitivity when adding
PSR J0437−4715 to the PTA using configurations C4 and C6 versus
otherwise. The sensitivity is calculated at 10−8 Hz. NANOGrav 11-
year data set pulsars are shown in white stars, PSR J0437−4715 in
the red star. Possible targets of interest for CW signals are shown in
the black dots and labeled. Equatorial coordinates are shown, with
right ascension increasing to the left every 2h starting from the right
and declination increasing upwards every 30◦.The structure of the
sky map is the same for C4 and C6 but the corresponding colormap
scale is shown at the bottom for each. We see clear significant in-
creases to the sensitivity in NANOGrav’s current “blind spot” on
the sky due to the addition of PSR J0437−4715.
For the same observational setup, we expect that the
period-averaged signal-to-noise ratio S¯ will be proportional
to the period-averaged flux density I0 at a fiducial frequency
ν0, using the notation of Lam et al. (2018a). Wide-bandwidth
observations require that the spectral index of the pulsar flux
be considered. In general, the minimum TOA uncertainty
due to a finite S/N is given by Eq. 1, which uses the peak-to-
off-pulse S/N, S . The conversion between the two is given
by S¯ = U¯obsS , where
U¯obs =
1
Nφ
Nφ−1∑
i=0
Uobs(φi) (16)
is the mean value of the template shape Uobs. A smaller value
of U¯obs implies a sharper pulse profile which yields improved
TOA uncertainties. Therefore, combining the pulse-shape-
dependent factors with the pulsar fluxes, we can relate the
ratio of the template-fitting uncertainties between two pulsars
A and B as
R ≡ σS/N,A
σS/N,B
=
Weff,AU¯obs,A/I0,A
Weff,BU¯obs,B/I0,B
. (17)
With Eq. 17, we were able to calculate the template-
fitting errors for the pulsars provided in Table 4 compared
to PSR J0437−4715. In the table, the larger R is, the better
the template-fitting uncertainty will be. This analysis does
not take into account other sources of uncertainty in TOA
estimation. For example, sources with higher DM are more
likely to be affected by pulse broadening due to interstellar
scattering (Bhat et al. 2004).
We can more intuitively understand the impact of the pulse
shape metrics compared to the flux densities in Eq. 17 by
considering a Gaussian-shaped pulse. The effective width
Weff ∝ (W50P)1/2, the geometric mean of the pulse full-
width-at-half-maximum W50 and the pulse period P (follow-
ing from Eq. 2, see also Lam et al. 2016a). In considering a
Gaussian pulse, the mean value of the pulse will be the inte-
gral of the pulse shape divided by the pulse period, yielding
the approximate relationship U¯obs ∝ W50/P for sufficiently
narrow pulses. Combining, we have
WeffU¯obs ∝ (W50P)1/2 W50P = P
(W50
P
)3/2
. (18)
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We write the second equality in terms of the pulse duty cycle,
W50/P. We see from Eq. 18 that decreases in either the pulse
period or the duty cycle will lead to a lower σS/N, which is to
be expected. These improvements can help compensate for a
difference between the flux densities of pulsars. A factor of
two decrease in both the pulse period and duty cycle can then
offset a factor of five decrease in the flux density of one pulsar
compared to another and lead to equivalent σS/N. Note that
in comparison to PSR J0437−4715, decreases in P or W50/P
by more than a factor of ∼2 are generally not observed.
Table 4 gives the various pulse shape parameters for ten
pulsars observed by the PPTA in the declination range of IAR
and with R > 0.01. Pulse shape metrics were measured us-
ing the 20-cm Parkes Digital Filterbank System 4 (PDFB4)
templates3 in Kerr et al. (2020). We used the median flux
density at 1400 MHz reported by Kerr et al. (2020) in our
analysis; the scintillation properties of the different pulsars
will affect R but we ignored this here and only considered
a typical observation. From these measurements, we calcu-
lated R according to Eq. 17.
Another pulsar with one of the lowest DMs,
PSR J1744−1134, has been detected by the IAR in indi-
vidual observations (L. Combi, private communication). As
with PSR J0437−4715, we can then consider the impact
of daily cadence using the IAR compared with ∼monthly
observations available at other facilities. Let us naively con-
sider PSR J0437−4715 observed with σW ≈ σS/N = 200 ns.
While R = 0.035 for PSR J1744−1134, leading to many mi-
croseconds of uncertainty per epoch, the monthly-averaged
uncertainty reduces by a factor of
√
30 to approximately
1 µs. This argument ignores differences in spectral index
and other frequency-dependent profile changes but serves
to demonstrate the potential of IAR’s unique capabilities.
Observations of PSR J1744−1134 with daily cadence will be
comparably as sensitive as other pulsars with microsecond
timing observed with a monthly cadence, making obser-
vations of the pulsar of sufficient quality for PTA science.
Several other possible targets, such as PSRs J1909−3744,
J2241−5236, and possibly also J1600−3053, may be suit-
able candidates for daily monitoring.
7. CONCLUDING REMARKS
The IAR’s unique capabilities to observe PSR J0437−4715
will lead to a significant increase in CW sensitivity for
PTAs. However, it is vital that the observatory receives
the necessary upgrades to make this a possibility; without
dual-polarization observations at frequencies spaced widely
enough to accurately estimate DM, the IAR will not be able
to meet the target sensitivities described here. This will re-
quire careful polarization calibration and the RFI environ-
ment around the observatory must remain in a clean state.
In addition to direct CW sensitivity, high-cadence obser-
vations can contribute to other PTA-related science. For ex-
ample, daily monitoring of DMs and scintillation which will
feed back into understanding pulsar timing noise models is
a planned goal of the IAR (Gancio et al. 2019). Such ob-
servations will complement those of Northern-Hemisphere
facilities like CHIME (δ > −20◦ Ng 2018) which are be-
ginning to provide unprecedented measurements of the in-
terstellar medium on short timescales (Ng et al. 2020). For
example, given the proper motion of PSR J0437−4715 of
141 mas/yr (Kerr et al. 2020) and distance of 156.8 pc, the
pulsar’s transverse velocity is 105 km/s. Over 10 years of
daily observations, the line of sight will probe length scales
in the interstellar medium between 0.06 – 200 AU. Consid-
ering the relatively long tracks on PSR J0437−4715, break-
ing the observations into individual hour-long measurements
would yield a factor of ∼2 reduction in the DM precision but
the ability to probe scales down to 0.0025 AU, or half of a
solar radius.
International PTA efforts will also benefit from the inclu-
sion of IAR observations. The International Pulsar Timing
Array (IPTA) collaboration helps to coordinate these world-
wide efforts and while the potential target pulsars listed here
would not be new additions to any future combined data
set, such a data set will have improved sensitivity to GWs
of all kinds with additional high-precision data. Uniform
observations of several pulsars by the IAR can additionally
help constrain systematic variations between different fron-
tend/backend systems for different telescopes as well as be-
tween telescopes, for example any timing offsets or calibra-
tion errors since a stable system can be compared against.
Such observations can thus potentially reduce the overall
noise of such a combined IPTA data set.
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